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ABSTRACT
We report the results of 1′.5 × 3′ mapping at 1.1 mm with the Atacama Large Millime-
ter/submillimeter Array (ALMA) toward the central region of the z = 3.09 SSA22 protocluster.
By combining our source catalog with archival spectroscopic redshifts, we find that eight submil-
limeter galaxies (SMGs) with flux densities, S1.1 mm = 0.7 − 6.4 mJy (LIR ∼ 10
12.1 − 1013.1L⊙) are
at z = 3.08 − 3.10. Not only are these SMGs members of the protocluster but they in fact reside
within the node at the junction of the 50 Mpc-scale filamentary three-dimensional structure traced
by Lyman-α emitters (LAEs) in this field. The eight SMGs account for a star formation rate density
(SFRD) ∼10 M⊙ yr
−1 Mpc−3 in the node, which is two orders of magnitudes higher than the global
SFRD at this redshift. We find that four of the eight SMGs host a X-ray luminous active galactic
nuclei (AGN). Our results suggest that the vigorous star formation activity and the growth of super
massive black holes (SMBHs) occurred simultaneously in the densest regions at z ∼ 3, which may
correspond to the most active historical phase of the massive galaxy population found in the core of
the clusters in the present universe. Two SMGs are associated with Lyman-α blobs (LABs), implying
that the two populations coexist in high density environments for a few cases.
Subject headings: galaxies: starburst – galaxies: quasars – cosmology: large-scale structure of universe
1. INTRODUCTION
In the current framework of cold dark matter (CDM)
cosmologies, the formation and evolution of galaxies and
super massive black holes (SMBHs) are closely related
to those of cosmic structures on a large-scale. The den-
sity distribution of dark matter is expected to reflect
that of baryonic matter and consequently that of galax-
ies (e.g., Kauffmann et al. 1999). Therefore the envi-
ronment where galaxies inhabit is a crucial key to com-
prehend galaxy formation and evolution throughout cos-
mic history. In the local universe, the dense fields, seen
as galaxy clusters, are occupied by passive, early-type
galaxies while star-forming, late-type galaxies are seen
in less dense fields (e.g., Dressler 1980). Some works ar-
gue that the dependence of star formation rate (SFR) to
density can be reversed at z &1 (e.g., Elbaz et al. 2007).
There are contrary claims(e.g., Gru¨tzbauch et al. 2011),
although these are not based on dust-insenstitive tracers
of star formation.
Submillimeter galaxies (SMGs) (for a recent review,
Casey et al. 2014) are one of the most important pop-
ulations in unveiling the environmental dependence of
galaxy formation on a large-scale in the early universe
(z & 2 − 3). SMGs are massive gas-rich galaxies charac-
terized as being enshrouded by dust and undergoing in-
tense starburst activity (SFR of ∼ several 100-1000 M⊙
yr−1, e.g., Swinbank et al. 2014). A fraction of SMGs
harbor active galactic nuclei (AGN), which suggests that
SMGs also exist at the growth phase of SMBHs (e.g.
Alexander et al. 2005). It has been argued that SMGs
are progenitors of massive elliptical galaxies in the local
universe (e.g., Eales et al. 1999), and cosmological sim-
ulations suggest the growth of the massive ellipticals in
high density regions at z & 2 − 3 (e.g., De Lucia et al.
2006). Thus, unveiling the relationship between SMGs
and underlying large-scale structures is quite important
to understand the formation history of massive galaxies
and large-scale structures.
The SSA22 protocluster at z = 3.09, which is con-
sidered to be an ancestor of present day clusters such
as Coma (Steidel et al. 1998), is one of the best field
from such a viewpoint. Yamada et al. (2012) con-
ducted a huge narrow band survey to detect z ∼ 3.09
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Lyman-α emitters (LAEs) in over 2 deg2 area and
found that the density peak in SSA22 is extremely rare
and outstanding (∼6 times the average surface den-
sity). Other populations such as Lyman break galaxies
(LBGs, e.g., Steidel et al. 1998) and distant red galax-
ies (DRGs, e.g., Uchimoto et al. 2012) are also over-
abundant in this field. While some submm/mm sur-
veys taken with AzTEC/ASTE (Tamura et al. 2009;
Umehata et al. 2014), SCUBA (e.g., Geach et al. 2005;
Chapman et al. 2005) and SCUBA2 (Geach et al. 2014)
have been conducted in this field, the angular resolu-
tion of single-dish telescopes is insufficient in obtain-
ing an accurate picture. We performed wide and deep
imaging at 1.1 mm using the Atacama Large Millime-
ter/submillimeter Array (ALMA) in this field in order
to take advantage of its high angular resolution and high
sensitivity to conduct an unconfused survey of dusty
galaxy activity in this structure and pinpoint the galaxies
responsible for it.
In this letter, we present the first results focusing on
the SMGs at z = 3.09. The survey design and source
catalog of the ALMA observations will be described in
more detail in an upcoming paper (Umehata et al. in
preparation). Our observations are briefly explained in
§2. We present the relevant results in §3 and discuss
the role of the environment in galaxy formation in §4.
Throughout this letter, we adopt a cosmology with Ωm =
0.3,ΩΛ = 0.7, and H0=70 km s
−1 Mpc−1.
2. OBSERVATIONS AND DATA REDUCTION
In ALMA Cycle 2, we observed a 2′ × 3′ area cen-
tered at RA (J2000) = 22h17m34s, Dec (J2000) =
+00◦17′00′′ using 103 discrete pointing fields (Proposal
ID 2013.1.00162.S, PI: Umehata). We name this field
ALMA Deep Field in SSA22 or ADF22. In this letter we
report the initial results from 80 pointing data, which
roughly correspond to an area of 1.5′ × 3′. The obser-
vations were carried out during parts of five contiguous
nights (6–10 June 2014) using 33–36 12m anntenas. The
array configuration was C34-4, which results in baseline
lengths of 20–450 m. We utilized the band 6 receiver
with the TDM correlator to select a central frequency of
263 GHz (1.1 mm). The on-source time per pointing is
2.0–2.5 min. The quasar J2148+0657 was observed for
bandpass, amplitude, phase, and flux calibration.
The data were processed with the Common Astronomy
Software Application (casa) 1. The final entire map
was created through the ’clean’ process (with natural
weighting and by setting the imager mode to ’mosaic’
in casa). The resulting map has a synthesized beam
of 0.′′53 × 0.′′50 (P.A. = −84 deg) and a typical rms
revel of 0.07 mJy beam−1. We utilize a source-finding
code, aegean v1.9.5-56 (Hancock et al. 2012), to extract
sources on the final mosaic image with a detection thresh-
old of 4σ. The flux densities of the detected sources were
measured with casa task, imfit.
3. RESULTS
3.1. Extraction of z = 3.09 SMGs
In order to determine redshifts of ALMA sources
and extract the members of the z = 3.09 structure,
1 http://casa.nrao.edu
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Fig. 1.— Spatial distributions of SMGs as well as LABs on
the IRAC 4.5 µm image. The 5′′ × 5′′ magenta squares repre-
sent ALMA sources at z = 3.09. The red and orange dashed cir-
cles stand for AzTEC/ASTE (Umehata et al. 2014) and SCUBA
sources (Scott et al. 2006), which are suggested to be at z ∼ 3.09
(Chapman et al. 2005; Tamura et al. 2010; Umehata et al. 2014).
The diameters of these circles are 28′′ and 14′′ respectively, which
correspond to the size of FWHM of these surveys. The cyan con-
tours show 3.0, 6.0, and 9.0 σ of 1.1 mm emission in the AzTEC
map. The dashed white rectangle shows the whole 2′ × 3′ area of
ADF22 and the white contours outline the currently obtained area
(the primary beam attenuation is less than 50%). The green boxes
show the position of the LABs (Matsuda et al. 2004).
we compared our 1.1 mm source catalog with archival
catalogs of spectroscopic and photometric redshifts
(Bothwell et al. 2013; Tamura et al. 2010; Kubo et al.
2015; Chapman et al. 2005; Yun et al., in preparation).
As a result, we yielded eight 1.1 mm sources with zspec =
3.08−3.10 and a further SMG with zphot ∼ 3.1. The po-
sitions of these ALMA-selected SMGs are shown in Fig.
1.
The archival spectroscopic redshifts are measured from
mm, near-infrared, and optical spectroscopy. Millime-
ter spectroscopy of 12CO (3-2) reveals the redshifts
for two SMGs. ADF22b is consistent with SMM
J221735.15+001537.2 at zCO = 3.096, which were ob-
served with PdBI (Bothwell et al. 2013). In addition,
one of the SMGs discovered in the AzTEC/ASTE sur-
vey, SSA22-AzTEC1 (hereafter AzTEC1, Umehata et al.
2014), has been recently observed with the Large Mil-
limeter Telescope (LMT) with an effective beam size of
∼ 28′′. Its redshift is z = 3.092 if we consider that
the detected line is 12CO (3-2) (Yun et al. in prepara-
tion). We find that AzTEC1 is split into two sources of
ADF22a and ADF22i in our ALMA map. ADF22a has a
mid-infrared to radio photo-z of 3.19+0.26
−0.35 (Tamura et al.
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Fig. 2.— ALMA 1.1mm contours of z ≃ 3.09 SMGs overlayed on
the MOIRCS Ks-band image. Contours of 3, 6, and 9σ are shown.
Cyan squares represent the position of X-ray sources (Lehmer et al.
2009b). Each panel is 5′′ square with the ALMA position centered.
All the SMGs apart from ADF22a have Ks-band counterparts.
2010) and likely dominates the CO emission since it is 3×
brighter than ADF22i at 1.1 mm. Thus we conclude that
at least ADF22a is at z = 3.092. For ADF22i, we derive
an optical to near-infrared photo-z of 3.08+0.17
−0.15 using a
method in Umehata et al. (2014).
The spectroscopic redshifts of five SMGs (ADF22d,
ADF22e, ADF22f, ADF22g, ADF22h) are determined
using near-infrared spectroscopy performed with Sub-
aru/MOIRCS. Kubo et al. (2015) reported the detection
of a [OIII]λ5007 line for the Ks-band counterparts of the
five SMGs. We also confirmed that ADF22c coincides
with a radio source at zLyα=3.089, which has been con-
sidered as the most plausible counterpart of SCUBA06
(SMM J221735.84+001558.9, Chapman et al. 2005). We
present the positional relationship between the SMGs
and Ks-band counterparts in Fig. 2. The synthe-
sized beam of our observation and 4σ detection thresh-
old yield an expected astrometric accuracy of . 0′′.15
(e.g., Hodge et al. 2013). All SMGs except for ADF22a
has Ks-band counterparts within 0′′.18 (or ≈1.4 kpc at
z ≈ 3.09). Therefore we concluded that the [OIII] and
Lyα lines are from the SMGs.
While some of the SMGs harbor a X-ray AGN (§3.2),
which can substantially contribute the energetic out-
put at shorter wavelengths (e.g., Gruppioni et al. 2008),
S1.1 mm is considered not significantly contaminated by
AGNs and hence can be a good tracer of star-formation
activity. It is known that AGN contribution falls steeply
at restframe &40 µm (e.g., Mullaney et al. 2011), while
we observe at restframe ≈279 µm. We estimated the
potential AGN contribution to S1.1 mm using MIPS 24
µm flux densities (S24µm), following Alexander et al.
in preparation. ADF22e is the brightest at 24 µm
(S24µm=450±10 µJy, e.g., Webb et al. 2009). Assum-
ing conservatively that S24µm is fully powered by AGN,
the predicted S1.1 mm based on the averaged empiri-
cal AGN spectral energy distribution (SED) template of
Mullaney et al. (2011) is S1.1mm ∼ 110 µJy (or ∼11% of
the observed flux density). The remaining X-ray SMGs
are relatively faint at 24 µm (. 100 µJy, e.g., Webb et al.
2009), which corresponds to S1.1 mm . 25 µJy. Therefore
the implied AGN contribution to S1.1 mm is . 3.5%.
The lack of any other submm/mm data with com-
parable angular resolution prevents from putting a
constraint on dust SEDs. To evaluate SFR of the
SMGs, we calculated the infrared luminosities (LIR [8-
1000 µm]) using SED templates of well-studied star-
burst galaxies, Arp 220 and M82 (GRASIL; Silva et al.
1998), a composite SED of SMGs from the ALESS
(Swinbank et al. 2014), and SMMJ2135–0201 (the cos-
mic eyelash; Swinbank et al. 2010) to consider a vari-
ety of SEDs. We created best-fit SED for each template
based on redshift and S1.1 mm. The spectra between 8
and 1000 µm in the restframe were integrated and we de-
rive a median value as well as minimum/maximum val-
ues. We convert LIR to the SFR using SFR/M⊙yr
−1
= 1.0×10−10 LIR/L⊙ (Kennicutt 1998), assuming a
Chabrier initial mass function (Chabrier 2003).
3.2. SMGs in the node of the Cosmic Web
One of the distinguishing characteristics of the SSA22
protocluster at z = 3.09 is the existence of a
three-dimensional large-scale structure traced by LAEs
(Matsuda et al. 2005). Matsuda et al. confirmed that
56 narrow-band selected LAE candidates were actually
at z = 3.06 − 3.12 and found that the protocluster
seen as two-dimensional density excess of LAEs had 50
Mpc-scale three-dimensional filamentary structure (Fig.
3). ADF22 was designed to observe the intersection of
the three-dimensional structure and the spectroscopic
redshifts enable to compare the distribution of SMGs
against the large-scale structure three-dimensionally. All
eight SMGs with spec-z are distributed in a range of
z = 3.08−3.10, which is in good agreement with the red-
shift space of the node of the LAE filamentary structure
as illustrated in Fig. 3. As noticed in Matsuda et al.
(2005), the redshifts determined by Lyman-α emission
lines contain uncertainties due to the peculiar velocities
and resonant scatterings in the outflowing Hi gas. How-
ever, the estimated redshift dispersion is predicted to be
small (σz ∼ 0.005) and therefore the uncertainties are
not supposed to matter in the comparison as a whole.
ADF22i, which has been selected based on its photo-z,
might be also in the node.
To evaluate the overabundance of SMGs in the node
quantitatively, we calculate the volume density of the
1.1 mm sources and compare it with the expected
value in general fields based on the total IR luminos-
ity. Swinbank et al. (2014) derived the IR luminosity
functions of ALMA-selected SMGs using results of the
ALESS survey in the ECDF-S. They utilized optical to
near-infrared photo-z’s (Simpson et al. 2014) and IR lu-
minosities derived from SED fitting to determine that
the volume density of SMGs at z = 2.5 − 3.5 is about
4× 10−6 Mpc−3 for LIR & 10
12.5L⊙
2. Assuming a red-
shift slice of z = 3.08 − 3.10, the predicted number of
2 We note that some works suggested that ECDF-S could
be ∼ ×2 underdense compared to other submm surveys (e.g.,
Swinbank et al. 2014).
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SMGs is 1×10−3 within this 1.5′ × 3′ field, which corre-
sponds to an area of 2.8× 5.6 Mpc at z = 3.09. There are
three SMGs with zspec = 3.08−3.10 and LIR & 10
12.5L⊙
in ADF22 as listed in Table 1, which is three orders of
magnitude greater than the number expected for general
fields. Thus the volume density of SMGs is unusually
high in the node. We calculate a star-formation rate
density (SFRD) in the node of ∼10 M⊙ yr
−1 Mpc−3
considering the eight SMGs with spec-z, which is two or-
ders of magnitude higher than the global SFRD at this
redshift (Madau & Dickinson 2014).
In addition to the overabundance, the z = 3.09
SMGs in ADF22 are characterized by overlaps with
AGNs and Lyman-α blobs (LABs), which are extended
Lyman-α emitting nebulae. The whole area of ADF22
was observed by Chandra at 0.5–2 keV and 2–8 keV
(Lehmer et al. 2009b). We found that four SMGs at
z = 3.09 (ADF22a, ADF22c, ADF22e, ADF22g) have X-
ray counterparts listed in Lehmer et al. (2009a) within
0′′.5, which means that 50+39
−24% of SMGs in the node
host X-ray luminous AGNs with LX ∼ 10
44 erg s−1
(Geach et al. 2009, Tamura et al. 2010). ADF22i also
has a X-ray counterpart and hence it is one of such
AGN-host SMGs. The ALESS survey have comparable
depth at submm/mm wavelengths compared to ADF22.
In the field, Wang et al. (2013) estimated an AGN frac-
tion –a fraction of SMGs containing AGN– of about 10%
for AGNs with rest-frame 0.5–8.0 keV apparent lumi-
nosity & 1043 erg s−1, which is equivalent to that limit
at z = 3.09 in ADF22 (Lehmer et al. 2009b). Thus the
AGN fraction is relatively high compared with that typ-
ically found in the whole SMG population. We also
note that there is another X-ray AGN without ALMA
detection (J221737.3+001823.2, Kubo et al. 2015). In
ADF22, there are two of 35 LABs listed in Matsuda et al.
(2004). Geach et al. (2009) reported that X-ray counter-
parts of two SMGs (ADF22c, ADF22g) were associated
with the two LABs (LAB14, LAB12), respectively. In
other word, two SMGs in the node are found to be asso-
ciated with LABs.
4. DISCUSSION & CONCLUSIONS
There is vigorous debate on the environmental depen-
dence on SMG formation at z & 2, the peak era of cos-
mic star formation activity. Some studies show that a
handful of SMGs at z = 4 − 5 coexist with other star-
forming galaxies such as LBGs, and argue that SMGs
are at protoclusters (e.g., Daddi et al. 2009; Capak et al.
2011; Walter et al. 2012). Recent submm/mm surveys
performed with single-dish telescopes unveil the possible
excess of SMGs at z = 2−3 towards the known overdense
fields (e.g., Tamura et al. 2009; Umehata et al. 2014)
or a serendipitously found protocluster (Casey et al.
2015). On the other hand, Chapman et al. (2009) and
Miller et al. (2015) suggest that SMGs are poor tracers
of massive protoclusters and they can reside in less dense
environments at least at z = 2− 2.5.
There have been some obstacles to resolve this issue.
First, there is ambiguity in the definition of a protoclus-
ter in terms of protocluster mass and the degree of galaxy
assembly. Second, the angular resolution of a single-dish
telescope is generally insufficient to identify counterparts
in other wavelength images reliably. Third, the evolution
of the relationship between SMGs and environment has
not been characterized well, although the protocluster
mass scale and star formation in member galaxies are ex-
pected to strongly evolve through the era in which SMGs
have been observed (1 . z . 6, e.g., Casey et al. 2014).
The z = 3.09 SSA22 protocluster is a preferable target
in unveiling whether SMGs are formed in high density en-
vironments at the epoch by virtue of having a remarkable
large-scale structure. As described above, our results
from ADF22 put significant an observational evidence on
the site of SMG formation. Our finding, overabundance
of SMGs in ADF22, is in line with that of the previous
works which claim that the associations of SMGs trace
the dense environment. Furthermore it might be sug-
gested that SMGs are preferentially formed around the
intersections of the cosmic filamentary structure, though
we should note that our ALMA view is limited to only the
central part. The existence of a number of SMGs at the
z = 3.09 protocluster core is also suggestive in consider-
ing the evolution of the relationship between SMGs and
(proto)clusters. Smail et al. (2014) reported that SMGs
are located at the less dense parts in a z = 1.6 cluster
mainly based on their SCUBA2 observations, and the
very central area is occupied by the most massive red qui-
escent galaxies. Meanwhile Ma et al. (2015) find excess
of SCUBA2 sources in a cluster at z = 1.5, suggesting
a variety of environments associated with SMG activity
at z < 2. In contrast to such a result at a relatively low
redshift, the SSA22 protocluster at z = 3.09 seems to be
in a phase in which the most intense starbursts occur at
the core. The overabundance of SCUBA sources around
high redshift radio galaxies at z ∼ 3, which is considered
to be sign posts of high density peaks, could show sim-
ilar phases (e.g., Ivison et al. 2000; Smail et al. 2003),
though a shortage of angular resolution and a deficit of
redshift information prevent further comparison. These
case studies indicate that we might be seeing the exact
growth phase of stellar components as well as SMBHs of
the massive ellipticals seen in the core of the present-day
clusters, and the site where the most active populations
reside would evolve from the center to outer parts at de-
creasing redshifts.
The other important aspect of the nature of SMGs in
the node is a correlation between SMGs and other pop-
ulations. First, the SMGs in ADF22 are frequently asso-
ciated with AGNs. Our results suggest that the unique
environment, the intersection of the large-scale struc-
ture, can lead to this trend. Some ideas previously pre-
sented; both of accelerated infall of gas and a higher rate
of mergers are naturally expected in overdense environ-
ments (e.g., De Lucia et al. 2006), which might account
for the overabundance of dusty starbursts and their high
AGN fraction. Additionally, ALMA imaging helps us
uncover obscured star-forming cores embedded in LABs.
Intense star formation activities and/or AGNs are sup-
posed to be the possible origins of the extended Lyman-α
emission (e.g., Taniguchi & Shioya 2000) and therefore
a connection between SMGs and LABs has been con-
sidered. We identify two X-ray luminous SMGs associ-
ated with LABs, which shows that star formation and/or
AGNs in SMGs can be related to LABs at least for some
cases. On the other hands, the majority of SMGs do
not seem to be accompanied by giant Lyman-α nebulae
in their active starburst phase, while both populations
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inhabit high density environments.
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Fig. 3.— (top left) Redshift distributions of eight SMGs and four LAEs in ADF22 overlayed on that of 56 LAEs in the SSA22
field (Matsuda et al. 2005). (top right, left and right bottom) Three-dimensional distributions of SMGs in ADF22 (big red circles) and
narrowband-selected LAEs in the SSA22 field (small colored circles; Matsuda et al. (2005)). The solid (dashed) green lines show the
projected contour of the local volume (surface) density of the LAEs. For more detail, please see Matsuda et al. (2005). The eight SMGs
are concentrated in the intersection of the LAE filamentary structure.
TABLE 1
z=3.09 SMGs in ADF22
ADF22 ID NAME z Type Speak/N S1.1 mm log (LIR) SFRIR X-ray AGN
(mJy) ( L⊙) (M⊙ yr−1)
ADF22a ALMAJ221732.41+001743.8 3.092 12CO(3-2) (1) 38.8 6.4 ± 0.2 13.1+0.2
−0.1 1180
+890
−230 Y
ADF22b ALMAJ221735.15+001537.3 3.096 12CO(3-2) (2) 23.8 2.3 ± 0.1 12.6+0.2
−0.1 420
+320
−80 N
ADF22c ALMAJ221735.83+001559.0 3.089 Lyman-α (3) 16.6 1.8 ± 0.1 12.5+0.2
−0.1 330
+250
−50 Y
ADF22d ALMAJ221737.11+001712.4 3.090 [OIII]λ5007 (4) 15.2 1.1 ± 0.1 12.3+0.2
−0.1 200
+150
−40 N
ADF22e ALMAJ221736.54+001622.7 3.095 [OIII]λ5007 (4) 11.3 1.0 ± 0.1 12.3+0.2
−0.1 180
+140
−35 Y
ADF22f ALMAJ221737.05+001822.4 3.086 [OIII]λ5007 (4) 10.2 1.1 ± 0.1 12.3+0.2
−0.1 200
+150
−40 N
ADF22g ALMAJ221732.01+001655.4 3.091 [OIII]λ5007 (4) 5.8 0.7 ± 0.1 12.1+0.2
−0.1 130
+100
−24 Y
ADF22h ALMAJ221736.81+001818.1 3.085 [OIII]λ5007 (4) 4.3 0.8 ± 0.2 12.2+0.2
−0.1 150
+110
−30 N
ADF22i ALMAJ221732.19+001735.6 (3.08+0.17
−0.15) phot-z 17.7 2.0 ± 0.1 12.6
+0.2
−0.1 370
+280
−70 Y
Note. — References of redshifts are: (1) Yun et al. in preparation, (2) Bothwell et al. (2013), (3) Chapman et al. (2005), (4) Kubo et al. (2015).
Photo-z of ADF22i is estimated in a similar way in Umehata et al. (2014). For the column of X-ray AGN, Y means SMGs that host a X-ray
luminous AGN (rest-frame 0.5–8.0 keV apparent luminosity & 1043 erg s−1, Lehmer et al. 2009b). N represent SMGs without a detectable X-ray
counterpart.
